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constant for internal return in 70% dioxane is estimated to be 40
times larger than k_4. The fact that k_, is an apparent dissociation
rate constant for an oriented complex held together by secondary
valence forces makes it impossible to accurately compare k_4 to
the limiting values for internal return (k_,). The observation of
a large isotope effect of 15% does not require that k_y be much
less than k_, since Kirby?® has observed similar effects of 5-16%

(20) Craze, G.-A,; Kirby, A. J.; Osborne, R. J. Chem. Soc., Perkin Trans.
2 1978, 357.

for Sn2 displacement reactions involving formaldehyde methyl
phenyl acetals. The large negative p of —4 that is observed in 70%
dioxane suggests that if the reaction is Sy2-like, the incoming and
leaving groups are widely separated in space. This large amount
of effective charge on the central carbon would be expected to
have a significant effect on the zero-point energies for the two
states under consideration, giving rise to the large isotope effect.
If displacement reactions involving acetals commonly exhibit late,
loose transition states such as this, large isotope effects such as
those that are observed with glycosides would be anticipated.
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Abstract: The fluorescence decay kinetics of aqueous tryptophan and 3-methylindole have been determined as a function of
pH and temperature by using a picosecond dye laser-single photon counting system with a time resolution of 50 ps. At pH
11, tryptophan exhibits a single exponential decay, with a lifetime of 9.1 ns at 18 °C. However, at pH 7 the decay is faster
and definitely nonexponential; the values obtained from a biexponential fit to the data at pH 7 are 7, = 0.43 ns, 7 = 3.32
ns, and f = 0.19 at 18 °C. The behavior of a 3-methylindole closely resembles that of tryptophan at pH 11. A model for
the photophysics of aqueous tryptophan is presented in which the excited-state decay constant at pH 11 (where the amino
acid side chain is not protonated) is given by the superposition of three independent processes: fluorescence, intersystem crossing,
and photoionization; of these processes only photoionization is temperature sensitive (E* = 51 kJ mol™). In the region pH
4-8, where tryptophan exists in the zwitteridn form, a new nonradiative process is introduced, which involves intramolecular
proton transfer from the -NH;* group to the excited indole ring. The apparent activation energy for intramolecular quenching
(E* = 16 kJ mol™) suggests that it is a predominantly diffusion-controlled process. It is proposed that the nonexponential
decay observed for aqueous tryptophan at pH 7 arises from transient terms in the rate constant for intramolecular quenching.

Quantum yields calculated from this model compare well with experimental values.

Introduction

The fluorescence of proteins is usually dominated by that of
the tryptophan residues.! Both the fluorescence lifetime and
quantum yield of a tryptophan residue are strongly influenced by
the nature of its local environment, and this sensitivity is widely
exploited through the use of tryptophan as an intrinsic fluorescence
probe for the structure and conformation of proteins and poly-
peptides in solution.? Interpretation of the results of such ex-
periments requires an understanding of the excited-state decay
processes in tryptophan, and their response to environmental
perturbations. However, despite extensive investigations® two
fundamental questions remain unanswered. (1) Can an isolated
tryptophan residue be characterized by an exponential decay law?
(2) What are the principal excited-state decay routes for tryp-
tophan in aqueous solution?

Excitation of proteins that contain a few tryptophan residues
per molecule yields nonexponential fluorescence decay kinetics;**

the decays can be described as a superposition of a number of
exponential components, each of which is assumed to correspond
to a tryptophan residue (or group of residues) in a different
environment. However, nonexponential decays have also been
observed for a number of proteins and peptides containing a single
tryptophan residue;57 here, the nonexponentiality is attributed to
the presence of multiple conformations of the molecule. Each of
these explanations for nonexponentiality is based on the implicit
assumption that the fluorescence decay of an isolated tryptophan
residue is strictly exponential. Yet this assumption has not been
verified. Recently, Rayner and Szabo?® investigated the fluores-
cence decay of aqueous tryptophan at pH 7 using the conventional
single photon counting technique (excitation by a weak spark lamp
of 2-3 ns duration). The fluorescence emission was shown to
follow a biexponential decay law with components having lifetimes
of 3.14 and 0.51 ns. In a previous paper® we also reported the
observation of a nonexponential fluorescence decay for aqueous
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Figure 1. Block diagram of the synchronously pumped dye laser and
photon counting instrument: ML, mode locker; BF, birefringent tuning
element; CD, count-down logic; P, polarizers; PC, Pockels cell; BS, beam
splitter; A/2, half-wave rotator; ADA, frequency doubling crystal; F,
filters; PD, photodiode; 100 MHz, leading-edge discriminator; CFD,
constant fraction discriminator.

tryptophan at pH 7. Using picosecond pulses at 264 nm for
excitation and an ultrafast streak camera for detection, we obtained
a biexponential decay with components having lifetimes of 2.1
and 5.4 ns. These results are clearly inconsistent with those
obtained by Rayner and Szabo.?

The use of tryptophan as an intrinsic fluorescence probe requires
an understanding of the possible excited-state decay routes and
their dependence on solvent, pH, temperature, and the pressure
of potential quenchers. Both photophysical and photochemical
processes must be considered. They include fluorescence,'®!!
intersystem crossing,'?'4 photoionization,'42* photodissociation
(indole N-H bond fission),2*?6 and intramolecular quenching,?’-*?
and, in proteins and peptides, singlet-singlet energy transfer?*
can be important. While the existence of these processes is widely
accepted, some controversy has centered around the mechanism
of the intramolecular quenching process, and whether or not
monophotonic ionization is important when excitation is to the
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S, state. In a previous paper® we presented a model for the
photophysics of aqueous tryptophan in which the excited-state
decay was governed by the rates of four independent, competing
processes: fluorescence, intersystem crossing, photoionization, and
an intramolecular quenching process involving the amino acid side
chain. However, because of experimental problems (see below),
a quantitative analysis was not possible.

In view of these problems and inconsistencies, we have reexa-
mined the fluorescence decay of aqueous tryptophan and the
related compound 3-methylindole using a subnanosecond single
photon counting apparatus with tunable dye-laser excitation. The
results of a systematic study of the fluorescence decay of tryp-
tophan as a function of both pH and temperature complement
similar nanosecond laser flash photolysis studies by Bent and
Hayon.!* Together these results provide an insight into the origins
of nonexponential decays, enable a positive identification of the
intramolecular quenching mechanism, and allow a more consistent,
quantitative analysis of our previously reported model for the
photophysics of aqueous tryptophan.

Experimental Section

A. Chemlcals, Tryptophan and 3-methylindole were obtained from
Sigma and used without further purification. Samples were stored at 0
°C in a dessicator in the dark. Solutions were prepared in Analar water
immediately before use, and the appropriate pH was obtained using HCI
(pH 1,3), BDH buffer tablets (pH 7, 9.2), or NaOH (pH 11, 13). The
purity of the samples was checked by a comparison of their absorption,
emission, and excitation spectra.

B. Fluorescence Lifetime Measurements. Fluorescence lifetimes were
measured with the use of the single photon counting apparatus shown in
Figure 1. The laser excitation source consisted of a CW rhodamine 6G
dye laser (Coherent Radiation CR590) synchronously pumped by an
actively mode-locked argon ion laser (Coherent Radiation CR12). The
argon ion laser produced a highly stable train of 90-ps pulses at a repe-
tition frequency of 75.525 MHz with an average power of 800 mW while
the dye laser, which had a three-plate birefringent tuning element and
a 30% transmitting output mirror, produced pulses of <10 ps duration
at 590 nm with an average power of 200 mW. The dye laser repetition
frequency was reduced to 73.8-kHz by a low-voltage electrooptic mod-
ulator (Coherent Associates Model 28) slaved to the mode-locker rf
source by home-built countdown logic. The contrast ratio between
transmitted and rejected pulses was ~500:1 with an amplitude stability
of £10% for the transmitted pulses. The second harmonic (295 nm,
vertically polarized) was generated with ~ 1% efficiency by focusing the
dye-laser output into a S-mm-long temperature tuned ADA crystal (T
= 36.0 £ 0.2 °C). Residual 590-nm radiation was removed by a po-
larizer and a Schott UG 11 filter. Taking into account the conversion
efficiency and the losses along the optical path, the energy of a single UV
pulse at the sample was estimated to be ~1 pJ (~1.5 X 10 photons).

The “start” signal for the ORTEC Model 457 time-to-amplitude
converter (TAC) was obtained from a portion of the laser fundamental
via a Texas Instruments TIED 56 silicon avalanche photodiode and an
ORTEC Model 436 100-MHz discriminator. Fluorescence emitted at
right angles to excitation was detected by a Philips XP2020Q photo-
multiplier. In order to obtain the best time response, the standard voltage
divider network was modified in a manner similar to that described by
Lewis et al.** The single photon anode pulses (~ 100-400 mV into 50
) were amplified in a Marconi Model TF2175 broad-band amplifier
(gain 27 £ 1 dB, 2-500 MHz) and fed into an ORTEC Model 463
constant fraction discriminator, and its output used as a “stop” signal for
the time-to-amplitude converter. The excitation beam was attenuated
so that the ratio of “stop” to “start” pulses was always less than 2%. The
TAC outputs were processed in a Tracor-Northern TN-1706 multi-
channel analyzer, which was interfaced to an Interdata 7/32 computer.

In the measurement of short lifetimes by the single photon counting
technique, the fluorescence decay profile f(z) is obtained as the convo-
lution of the true excited state decay function g(z) with the instrument
response function i(z):

t
= H _ v ’ 1
fo) = fit - () dr )
The fluorescence decay profile f(r) was collected by exciting the sample

at 295 nm and monitoring the resultant emission using appropriate filters
in front of the photomultiplier to remove scattered laser light. Polari-

(35) Lewis, C.; Ware, W. R.; Doemeny, L. J.; Nemzek, T. L. Rev. Sci.
Instrum. 1973, 44, 107-114,
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Table I. pH Dependence of the Fluorescence Lifetimes of
3-Methylindole and Tryptophan

3-methyl-
indole tryptophan

pH? 7/ns? 7,/ns¢  7,/ns® b (r)/ns®

1 0.77 0.29 0.80 0.27 0.66

3 8.7 0.29 3.0 0.23 2.4

7 8.9 0.43 3.3 0.19 2.8

9.2 9.3 3.0 9.0 0.56 5.6
11 8.5 € 9.1 e 9.1
13 0.84 e 1.2, e 1.2

@ All measurements in aqueous solution at 18 + 1 °C. b Estima-
ted accuracy *3%. € Estimated accuracy 0.2 ns. 4 Estimated
accuracy +0.03. € Single exponential,

zation bias due to molecular rotation was eliminated by exciting with
vertically polarized light and using an analyzer (Polaroid HNP’B) or-
iented at 54.7° to the vertical.’® The instrument response function i(z)
was obtained by replacing the fluorescent sample with a dilute suspension
of tale, removing the filter, and collecting the scattered laser radiation.
Both the scattering and fluorescent samples had an absorbance of ~0.1
at 295 nm. Under normal operating conditions the instrument response
function had a full width at half-maximum of 360 ps.

The parameters describing the true excited-state decay function g(z)
were extracted from the experimental data by a nonlinear least-squares
curve fitting technique’™ using a modified version of the Marquardt
algorithm,*%#!  Initially g(¢) was assumed to be the form

g(t) = Ae/ (2)

where A is a preexponential factor and r the fluorescence lifetime. The
quality of the fit was judged from the reduced chi-squared (x,2) crite-
rion364! and by visual inspection of the weighted residuals.3”3% In those
cases where a single exponential decay law was inadequate, a sum of
exponentials was used

g(n) = A[fem + (1 - e 3

where 7, and 7, are the lifetimes of the two components and f is the
relative weight of the shorter component (v, < 7,). No attempts were
made to fit the data to more complex functions.

The response of photomultiplier tubes used in photon counting depends
on the wavelength of the incident light 334243 Therefore, the instrument
response function collected at 295 nm by the scattering technique will
not be an exact representation of the response function i(¢) required in
eq 1 for deconvoluting fluorescence measurements made at longer
wavelengths. Fortunately, the wavelength dependence of the XP2020
tube was very small: there was a delay of ~1 ps/nm with increasing
emission wavelength, which was accompanied by small changes in the
shape of the response function. The time shift of 50-60 ps was accounted
for in the data analysis procedure by replacing i(¢) with i(s- s) ineq 1,
where s is a time-shift parameter. The change in shape of the response
function was reflected by small systematic deviations on the rising edge
of the decay curve (see Figure 3). Even for the shortest lifetimes reported
here, this introduced negligible error.

Results

A. pH Dependence. The fluorescence decay of aqueous tryp-
tophan was studied at room temperature (18 £ 1 °C) over the
range pH 1-13 (Table I). Except at pH 11 and 13, the decays
were definitely not exponential. Figure 2 shows the pH dependence
of the average fluorescence lifetime (r) = fr; + (1 — f)75, which
is proportional to the fluorescence quantum yield.
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Figure 2. pH dependence of the fluorescence lifetime of 3-methylindole
and the mean lifetime (where applicable) of tryptophan at 18 °C.
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Figure 3. Fluorescence decay for aqueous tryptophan at pH 7, excited
at 295 nm and monitored at X >320 nm, plotted on a semilogarithmic
scale. The solid line is the best fit of the experimental data to a biex-
ponential decay law (eq 3). A weighted residuals plot is shown at the
top of the curve. See Table I for lifetimes.

Figure 3 shows a typical fluorescence decay obtained upon
excitation of an aqueous solution of tryptophan at pH 7 when the
emission was monitored at A > 320 nm (Schott WG320 filter);
the sample had an absorbance of 0.1 at 297 nm and was not
degassed. A biexponential fit to these data gave 7, = 0.43 ns,
7, = 3.32 ns, and f = 0.16 with x,> = 1.07 and an almost random
distribution of residuals. The average values obtained from a series
of ten such experiments were 7; = 0.43 £ 0.2 ns, 7, = 3.32 £ 0.12
ns, and f = 0.19 = 0.03. Identical results were obtained for
unbuffered samples and samples degassed by three freeze-
pump—thaw cycles (107 torr). Trivial causes of nonexponential
decays, such as scattered laser light, filter fluorescence, and ag-
gregation, were checked and found to be absent.

The lifetimes measured for aqueous tryptophan at pH 7 (Table
I) are in agreement with those obtained by Rayner and Szabo.?
However, Rayner and Szabo also observed a dependence of the
decay kinetics on emission wavelength: in the range 310~370 nm
they obtained a biexponential decay with the same two lifetimes,
0.51 and 3.14 ns, at all wavelengths, but the contribution of the
longer component increased with increasing wavelength until,
above 380 nm, only the longer component remained.! We have
also examined the wavelength dependence of the fluorescence
decay of aqueous tryptophan at pH 7 and can qualitatively confirm
these results. At A > 400 nm (Schott GG400 filter) a single
exponential decay was observed with 7 = 3.30 ns, while at 340
nm (Balzer interference filter) a biexponential decay was observed
with f = 0.22 and the same two lifetimes found when monitoring
the total emission band.

The results obtained in this work are in contrast with our
previous work:® a biexponential decay was also observed there,
but the two components had lifetimes of 2.1 and 5.4 ns with f =
0.77. Data similar to those shown in Figure 3, but covering a much
larger time span, showed no trace of a component with a lifetime
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Table II. Temperature Dependence of the Fluorescence Lifetimes
of 3-Methylindole and Tryptophan

Robbins et al.

Table [II. Deuterium Isotope Effect on
Intramolecular Quenching

3-methyl-
indole tryptophan

T/°C® r/ns, pH 11° 7/ns, pH 11% 7,/ns, pH 7

9.1 10.3 10.1 4.0,
19.8 8.0, 8.1, 3.1,
29.7 5.6, 6.3, 2.2,
40.4 3.7, 4.3, 1.8,
49.6 2.4, 2.9, 1.3,
60.6 1.4, 1.7, 1.0,
74.6 0.69 0.88 0.60

@ Estimated accuracy +0.2 °C. ? Estimated accuracy +3%.

of ~5 ns. However, the fluorescence decay of a neutral aqueous
solution of tryptophan recorded after irradiation for 3 h by a
low-pressure mercury lamp (~ 10'® photons s™! at 254 nm) con-
tained a longer lived component. A biexponential fit to these data,
which actually consisted of at least three exponential components,
gave 7, = 2.7 ns, 7, = 5.3 ns, and f = 0.75 with x,> = 1.53. The
similarity between these lifetimes and those obtained in our
previous work® suggests that our original data for aqueous tryp-
tophan at pH 7 were distorted by the presence of a fluorescent
photoproduct. No attempt was made to identify the photoproduct.
Rather, we were concerned with establishing conditions and ex-
perimental procedures where this problem could be avoided. This
was achieved by storing the solid material at 0 °C in a desiccator
in the dark, preparing samples within a few hours before use, and
avoiding any unnecessary laser irradiation. After this work was
completed, we received a report from Ghiggino et al.* that also
ascribed the 5.4-ns component to a photogenerated impurity.

For purposes of comparison, we also studied the fluorescence
decay of 3-methylindole, which is the most appropriate simple
analogue of tryptophan (indole-3-alanine). Figure 2 shows the
pH dependence of the fluorescence lifetime of aqueous 3-
methylindole at room temperature (18 = 1 °C) over the range
pH 1-13. The samples were excited at 295 nm and the total
emission band A > 320 nm was monitored. At each pH the decay
was well described by a single exponential; there was no evidence
for a component with a lifetime of ~0.4 ns such as that observed
for tryptophan at pH 7. The lifetimes are summarized in Table
L.

B. Temperature Dependence. The fluorescence decays of
aqueous tryptophan (pH 7, 11) and 3-methylindole (pH 11) were
studied over the range ~10-75 °C (Table II). For tryptophan
at pH 11, the decays were exponential at all temperatures with
the fluorescence lifetime decreasing from 10.1 ns at 9.1 °C to 0.88
ns at 74.6 °C. Similar results were obtained for 3-methylindole.
The fluorescence decay of tryptophan at pH 7 was definitely
nonexponential, at least at room temperature, but could be de-
scribed as a sum of two exponentials (see above). Although the
experimental data were not accurate enough to extract a mean-
ingful estimate of the lifetime of the shorter component at each
temperature, the deviation from an exponential decay appeared
to be less pronounced at the higher temperatures. The lifetime
of the longer component 7, decreased from 4.0 ns at 9.1 °C to
0.60 ns at 74.6 °C.

Discussion

A. pH Effects: Intramolecular Quenching. The data presented
in Tables I and II suggest that the photophysical behavior of
tryptophan at pH 11 is very similar to that of 3-methylindole. That
is, when the a-amino group is not protonated (pK, = 9.39%), the
side chain in tryptophan has little effect on either the radiative
or the nonradiative decay rates of the indole chromophore.
However, at pH 7 the fluorescence lifetime*® (Figure 2) and

(44) Ghiggino, K. P.; Mant, G. R.; Phillips, D.; Roberts, A. J. J. Photo-
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—_— K?

compound H,0 D,0 H,0 r¢
3-methylindole 0.34 0.50
tryptamine 0.30 0.46 04 2.3
tryptophan, pH 7 0.14 0.29 42 29
tryptophylglycine 0.11 0.17 6.2 1.5
tryptophan, pH 2.5¢ 008 012 9.6 1.5
tryptophylgly cinamide 0.05  0.07 17 1.3,
tryptophan ethyl ester 0.02, 0.02, 39 1.0,
acetyltryptophan 0.23  0.30 1.4 1.0,
Cbz-tryptophan 0.19 0.23 2.3 0.99
acetyltryptophanamide 0.15 0.18 3.7 1.0,
indole-3-acetic acid ethyl ester 0.13  0.15 4.8 1.0,
glycyltryptophan 0.07 0.08 11 1.0,
indole-3-acetic acid® 1.0,
indole-3-propionic acid® 1.1,
indole-3-butyric acid® 0.99

9 Data taken from ref 47 unless otherwise noted. ® &'y = kifkg;
ks=5.0x% 10" s\, €r=ky(H,0)/k(D,0). ¢ From ref 49.
€ From ref 32.

quantum yield?"-% are reduced by a factor of ~2.6 relative to
their values at pH 11; the yields of triplets, radicals, and solvated
electrons produced in the flash photolysis of aqueous tryptophan
show the same pH dependence.!* Therefore, the reduction in the
fluorescence lifetime in the region pH 4-8 must be due to the
introduction of a new nonradiative process without significantly
perturbing the rates of existing processes from their values at pH
11. This process is associated with the presence of the o-NH,*
group and is almost certainly intramolecular in origin.

Two mechanisms for intramolecular quenching in tryptophan
have been widely suggested. The first is a charge-transfer in-
teraction, in which the excited indole ring acts as an electron donor
and either a proton donated by the NH,* group®®4’8 or the
carbonyl group “activated” by the presence of the a-NH,*
group”2832 acts as an acceptor. The second mechanism involves
the transfer of a proton from the NH,* group to the excited indole
ring.2%:3149

In their flash photolysis studies of aqueous tryptophan, Bent
and Hayon'? observed a very short-lived unidentified transient
(7 ~ 45 ns at pH 7), which they designated T;. The T, transient,
tentatively assigned as a triplet state, has a maximum yield in the
range pH 3-7 and decreases to zero in alkaline solutions with an
apparent pK, ~ 8.5; at pH <3 its yield also decreases.!* The pH
profile of the yield of the T, transient strongly suggests that it
arises from the intramolecular quenching process, although its
identity is uncertain. In view of the similarities between the spectra
and lifetimes of the T transient and the triplet state of the indole
cation (formed by protonation of the excited indole ring at pH
<2),' we suggest that the T, transient corresponds to the same
triplet state formed by intramolecular proton transfer from the
NH;* group to the excited indole ring.

A large deuterium solvent isotope effect on the fluorescence
quantum yield of aqueous tryptophan has been reported by a
number of investigators.**#’#%52  However, the magnitude of the
observed isotope effect reflects the average effect on the rates of
all excited-state decay processes. The rate of intramolecular
quenching k; can be extracted from the quantum yield mea-
surements, at least approximately, using the expression

ki = ko™ - ¢r™") 4)

where ¢ is the fluorescence quantum yield in a pH range where
intramolecular quenching is present and ¢g is the corresponding

(47) Kirby, E. P; Steiner, R. F. J. Phys. Chem. 1970, 74, 4880-4490.
(48) Steiner, R. F.; Kirby, E. P, J. Phys. Chem. 1969, 73, 4130-4135.
(49) Lehrer, S. S. J. Am. Chem. Soc. 1970, 92, 3459-3462.

(50) Stryer, L. J. Am. Chem. Soc. 1966, 88, 5708-5712.

(51) Eisinger, J.; Navon, G. J, Chem. Phys. 1969, 50, 2069-2077.

(52) McGuire, R.; Feldman, 1. Photochem. Photobiol. 1973, 18, 119-124.
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yield in the absence of quenching; this is taken as the quantum
yield of the reference compound 3-methylindole, ¢z = 0.34 in H,O
and 0.50 in D,0 at 25 °C.*” The calculated rates for a number
of indole derivatives are reported in Table III together with the
ratio r = k;(H,0)/k;(D,0) of the intramolecular quenching rate
in H,O to that in D,0.

There is a large D,O effect on the intramolecular quenching
rate in neutral aqueous tryptophan (r = 2.9) and tryptamine (r
= 2.3); furthermore, the T, transient is observed in the flash
photolysis of both compounds.'* These observations imply the
existence of a common intramolecular quenching mechanism in
tryptophan and tryptamine, which probably involves proton
transfer from the NH;* group to the excited indole ring. In the
ground state, 3-methylindole undergoes protonation principally
on the carbon atom at the 3 position® (pK, = —4.55°%). However,
molecular orbital calculations®~7 predict that the basicity of both
the nitrogen atom and the carbon atom at the 3 position decreases
upon excitation to either the 'L, or L, state, whereas the basicity
of the carbon atom at the 2 position increases. Therefore, it seems
most likely that the intramolecular quenching in aqueous tryp-
tophan at pH 7 involves proton transfer from the NH;* group
to the 2 position of the excited indole ring.

In contrast with the results for tryptophan and tryptamine, the
D,0 effect on the intramolecular quenching in indole-3-propionic
acid is small (r = 1.15), and no T, transient has been detected
in the flash photolysis of this compound.'* Furthermore, the ester
derivative of indole-3-acetic acid, which contains no labile protons,
shows a similar intramolecular quenching efficiency to the un-
ionized acid (Table III). Therefore, it seems probable that a
charge-transfer interaction between the carbonyl group and the
excited indole ring is responsible for the intramolecular quenching
in these compounds. The strong correlation between the efficiency
of intramolecular quenching and the electrophilicity of the carbonyl
group in a series of derivatives of indole-3-acetic acid and in-
dole-3-propionic acid?’ %47 provides further support for this hy-
pothesis.

Thus we suggest that two intramolecular quenching mechanisms
can operate in indole derivatives under appropriate conditions.
In derivatives that possess an NH,* group in proximity to the
indole ring, such as tryptamine and the tryptophan zwitterion,
intramolecular proton transfer can occur. This process is char-
acterized by a large D,O effect and the presence of a short-lived
T, transient in the laser flash photolysis experiments. In derivatives
without an NH;* group but with an electrophilic carbonyl group,
such as indole-3-propionic acid and acetyltryptophan, intramo-
lecular quenching can occur by a charge-transfer mechanism. This
process can be identified by a negligible D,O effect and the absence
of the T transient. Several of the compounds listed in Table 11
have an intermediate D,O effect, the most notable examples being
tryptophyglycine and tryptophan at pH 2.5 (» = 1.5). These
molecules possess both an NH;* group and an electrophilic
carbonyl group (a peptide, acid, amide or ester group), and
therefore both intramolecular quenching mechanisms are probably
important.

B. Temperature Effects. Flash photolysis data provide evidence
for two important nonradiative processes in aqueous solutions of
simple indoles, such as 3-methylindole: intersystem crossing!2-'4
and photoionization;!4!5182021 photodissociation appears to be
unimportant in aqueous solution (¢ ~ 0.001).6 The photophysical
behavior of aqueous tryptophan at pH 11 is very similar to that
of 3-methylindole (Tables I and II). Thus, according to our model,
the fluorescence lifetime of tryptophan at pH 11 is determined
by the rates of three competing processes: fluorescence (kg),
intersystem crossing (k), and photoionization (k.,-):

=kt kot ke (5)

(53) Hinman, R. L.; Whipple, E. B. J. Am. Chem. Soc. 1962, 84,
2534-2539.

(54) Hinman, R. L.; Lang, J. J. Am. Chem. Soc. 1964, 86, 3796—3806.

(55) Momicchioli, F.; Rastelli, A. J. Mol. Spectrosc. 1967, 22, 310-324.

(56) Song, P.-S.; Kurtin, W. E. Photochem. Photobiol. 1969, 9, 175-177.

(57) Evleth, E. M. Theor. Chim. Acta 1970, 16, 22-32.
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Figure 4. Temperature dependence of the rates of photoionization k., -
and intramolecular quenching k; for aqueous tryptophan, plotted in the
form 1n k vs. T"!. The solid lines are the best fits of the data to eq 6 and
8, respectively.

The dramatic decrease in fluorescence lifetime over the tem-
perature range 10-75 °C (Table II) implies that at least one of
these processes is very temperature sensitive. It is generally
accepted®47:%859 that the rates of radiation and intersystem crossing
are temperature independent, and therefore the observed tem-
perature dependence must be due to variations in the photoion-
ization rate k.,. If it is assumed that k. _can be expressed by
an Arrhenius equatlon then the fluorescence lifetime at any
temperature T is given by

! = k% + A exp[-E*/RT] 6)

where k° = k; + k, is the sum of the rates of the temperature-
independent processes, E* is the activation energy for photoion-
ization, and A is the frequency factor. Two separate procedures
have been used to estimate these parameters.

In the first procedure, the activation energy E* is obtained
graphically from the slope of a plot of In (™! - k°) against 7.
An estimate of k° can be obtained from the radiative rate k; and
the limiting fluorescence quantum yield at low temperatures ¢:°,
k% = k¢/¢. By combining the fluorescence lifetime = = 6.8 ns
for aqueous 3-methylindole at 25 °C with the corresponding
fluorescence quantum yield ¢; = 0.34,3031474% we calculate k; =
5.0 X 107 s7'. The limiting quantum yield at low temperatures
is ¢f = 0.60 £ 0.08.3%5! From these data we estimate k° = 8.3
+ 1.0 X 107 57! (k, = 3.3 X 107 s7) for aqueous 3-methylindole.
Furthermore, we assume that the rates of radiation and intersystem
crossing for aqueous tryptophan are identical with those estimated
for 3-methylindole. Figure 4 shows a plot of 1n ke _=1n (!
— k) against T! for aqueous tryptophan at pH 11 for this value
of k¥; the plot is linear with a slope corresponding to an activation
energy of 50 £ 5kJ mol™. A similar analysis for 3-methylindole
gave E* = 51 £ 5 kJ mol™..

The second procedure, which avoids the graphical manipulation,
is to fit the experimental data directly to eq 6 by the method of
least squares. Figure 5 shows the results obtained for aqueous
tryptophan at pH 11; the calculated curve is an excellent fit to
the data, with kK =83 £ 0.6 X 107 s, 4 =5+ 4 X [0 57!,
and E* = 51 £ 3 kJ mol™. Analysis of the data for 3-methylindole
gave kO =75+08 X 107s, 4 =4 £4 X 10'%s7! and E* =
50 £ 3 kJ mol™.

The results obtained by the two procedures are in excellent
agreement. In particular, the agreement between the calculated
temperature-independent rates (7.5 = 0.8 X 10757}, 8.3 £ 0.6 X
107 s7!) and the experimental estimate (8.3 £ 1.0 X 107 s™") is
reassuring in view of its susceptibility to systematic errors in the

(58) Walker, M. S;; Bednar, T. W.; Lumry, R.; Humphries, F. Photochem.
Photobiol. 1971, 14, 147-161.
(59) Klein, R.; Tatischeff, I. Chem. Phys. Lett. 1977, 51, 333-338.
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Figure 5, Temperature dependence of the fluorescence lifetime of
aqueous tryptophan at pH 11; the solid line was obtained from a non-
linear least-squares fit of the data of eq 6.

data analysis,*” and provides strong support for the hypothesis
of a single temperature-dependent process. The agreement be-
tween the values of the parameters obtained for tryptophan at
pH 11 and those obtained for 3-methylindole confirms the sim-
ilarity of these two systems, although the photoionization rate A-
exp[-E*/RT] is consistently a little higher for 3-methylindole over
the entire temperature range.

The activation energy for the photoionization of aqueous 3-
methylindole obtained in this work, E* = 50 £ 3 kJ mol™, agrees
well with the value of 54 £ 6 kJ mol™! reported by Kirby and
Steiner.#” Similar activation energies have been reported for other
indole derivatives in aqueous solution, including indole (45-52
kJ mol1),3047.5840 |_methylindole (48-55 kJ mol™!),%% 5.
methoxyindole (44 kJ mol™),*® and indole-3-acetate (53 kJ
mol™).#” These results suggest that the temperature-dependent
process, which we identify with photoionization, has an activation
energy close to 50 kJ mol™! for all simple indole derivatives in
aqueous solution.

According to our model, the only change in the region pH 4-8
is the introduction of an intramolecular quenching process without
perturbing the rates of the other processes from their values at
pH 11. Thus, for aqueous tryptophan at pH 7, the rate of the
intramolecular proton transfer process is given by

ki=7"'(pH 7) - r"Y(pH 11) M

The calculated intramolecular quenching rate is plotted in Figure
4 in the form In k; vs. 77, A straight-line fit to these data leads
to an activation energy of 16 kJ mol™ and preexponential factor
A =15 X 10" 57!, However, a careful inspection of the data
reveals a curvature in the plot of In k; vs. T™! in excess of that
expected from the magnitude of the experimental errors. This
raises the question of the dynamics of the intramolecular process
and, in particular, the validity of expressing k; in the form A-.
exp[-E*/RT]. The apparent activation energy (16 kJ mol™?)
corresponds closely to that expected for diffusion in water. Thus
we envisage the intramolecular quenching process as a diffu-
sion-controlled reaction; in the ground state there is a nearly
random distribution of conformations of the amino acid side chain,
so that intramolecular quenching can occur only subsequent to
diffusion of the side chain into the correct conformation for the
proton-transfer step. A possible mechanism is shown in Scheme
I where the product species is identified with the T, transient of
Bent and Hayon'* as discussed previously.

(60) Steen, H. B.; Bowman, M. K.; Kevan, L. J. Phys. Chem. 1976, 80,
482-486.
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Figure 6. Calculated quantum yields of fluorescence (¢y), intersystem

crossing (¢,), photoionization (¢,‘q-), and intramolecular quenching (¢,
for aqueous tryptophan at pH 7 and 11, as a function of temperature.

In the steady state, the rate of diffusion-controlled intramo-
lecular quenching is expected to be of the form

ki = BT/n (®)

where 7 is the solvent viscosity and B is a proportionality constant.
The best fit of the experimental data to this expression gives B
= 6.8 X 10° cP K™! 57!, with no systematic deviations between
the experimental and calculated points (Figure 4).

Our results for aqueous tryptophan at pH 7 definitely show the
existence of two temperature-dependent nonradiative processes:
photoionization with an activation energy of ~50 kJ mol™ and
diffusion-controlled intramolecular quenching with an apparent
activation energy of ~16 kJ mol™!. The activation energies of
25-35 kJ mol™ reported by other investigators*>16! result from
the superposition of these two processes, which cannot normally
be separated because of experimental uncertainties and the limited
temperature range available to aqueous solutions. In fact, a plot
of In (+7' - k% against T! for our data for tryptophan at pH 7
gives a straight line within experimental error with a slope cor-
responding to an activation energy of 30 kJ mol™!. The same
explanation would hold for tryptamine and the other indole de-
rivatives studied by Kirby and Steiner*’ where activation energies
considerably less than 50 kJ mol™ were also obtained.

C. A Self-Consistent Model of Tryptophan Photophysics. The
discussion in section A provides a qualitative picture of the
photophysics of aqueous tryptophan. According to our model,
the behavior of tryptophan at pH 11 closely resembles that of
3-methylindole, where the principal nonradiative decay routes are
intersystem crossing and photoionization. For tryptophan in the
region pH 4-8 a new nonradiative process is introduced, which
involves intramolecular proton transfer from the NH* group of
the amino acid side chain to the excited indole ring; here the
function of the carboxyl group is probably to enhance the acidity
of the a-NH;* group (pK, = 9.39;%° cf. 10.2 for tryptamine®?).
Then at pH <3 the protonated carboxyl group (pK, = 2.38%)
becomes the center for another nonradiative process, which involves
an intramolecular charge-transfer interaction between the excited
indole ring and the electrophilic carbonyl group.

The analysis of the temperature effects (section B) enables a
quantitative calculation of the quantum yields of all competing

(61) Gally, J. A; Edelman, G. M. Biochim. Biophys. Acta 1962, 60,
499-509.
(62) Bridges, J. W.; Williams, R. T. Biochem. J. 1968, 107, 225-237.
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excited-state decay processes in aqueous tryptophan. Figure 6A
shows a plot of the quantum yields of fluorescence, intersystem
crossing, and photoionization for tryptophan at pH 11, calculated
from the rate constants estimated above; i.e., k; = 5.0 X 10757,
k,=3.3%107s", and k. _ = A exp[-E*/RT] with 4 = 5 X 10'¢
s'and E* = 51 kJ mol™. A similar calculation, but including
the intramolecular quenching process (k; = BT/n with B = 6.8
X 103 ¢P K s71), gave the corresponding quantum yields for
aqueous tryptophan at pH 7 shown in Figure 6B. This calculation
takes into account only the longer component of the nonexponential
decay observed at pH 7. However, the error introduced by
neglecting the shorter component is less than 20%, and therefore
these results are still of value for comparison with experimental
quantum yields, which often have uncertainties of this magnitude.

Fluorescence. The fluorescence quantum yield of aqueous
tryptophan at pH 7 calculated in the above manner decreases
monotonically from 0.201 at 10 °C to 0.024 at 80 °C with a value
of 0.137 at 25 °C. There have been many determinations of the
fluorescence quantum yield of tryptophan in neutral solu-
tion, 11306266 and it now seems certain that the absolute yield
at 25 °C lies in the range 0.13-0.14. The calculated quantum
yield ¢¢ = 0.137 at 25 °C is in excellent agreement with these
results. The temperature dependence of the fluorescence quantum
yield of tryptophan in neutral solution has also been studied.’562
Eisinger and Navon®! obtained yields of 0.204 at 10 °C and 0.023
at 80 °C, in agreement with the calculated values of 0.201 and
0.024, respectively.

The calculated fluorescence quantum yield of aqueous tryp-
tophan at pH 11 is 0.366 at 25 °C. The reported quantum
yields?»0314%.6267 are widely scattered in the range 0.3-0.6 owing,
in part, to the different quantum yields assumed for aqueous
tryptophan at pH 7 as a fluorescence standard. After adjusting
the experimental data relative to ¢; = 0.13; for tryptophan at pH
7, the quantum yields lie in the range 0.26-0.41 at ~25 °C with
an average value of 0.36. The residual scatter in the results
probably arises from differences in both pH and temperature in
the measurements. Nevertheless, the average value ¢; = 0.36 at
25 °C agrees well with the calculated quantum yield of 0.366.

Intersystem Crossing. For aqueous tryptophan at pH 7, the
calculated triplet yield ¢, decreases from 0.133 at 10 °C to 0.016
at 80 °C with a value of 0.090 at 25 °C; the corresponding yields
at pH 11 are 0.327 (10 °C), 0.242 (25 °C), and 0.023 (80 °C).
Although triplets have been identified as transient species in the
flash photolysis of tryptophan,'?'4 absolute triplet yields have not
been reported. However, the absolute yields can be estimated from
the data of Bent and Hayon'# using a comparison technique,

6. = (OD%,,_/OD%,, )b, (9)

where OD % and ODY, _ are the optical densities at time zero for
the triplet and solvated electron absorptions, ¢ and ¢ _ are the
extinction coefficients of these species at the monitoring wave-
length, and ¢.__is the yield of solvated electrons. Taking ¢,(450
nm) = 8 X 10°L mol™ ¢cm™,% €, (650 nm) = 15.4 X 10° L molI™
cm™,!8 and e = 0.08'* at 25 °C, we calculate ¢, = 0.10 for
aqueous tryptophan at pH 7 and 0.21 at pH 11. These results
are in reasonable agreement with the calculated yields of 0.090
and 0.242, respectively. Bent and Hayon!* also studied the tem-
perature dependence of the relative triplet yield for aqueous
tryptophan at pH 7. Assuming that ¢, is temperature independent,
a similar calculation gives ¢, = 0.15 at 10 °C and 0.019 at 80
°C, compared with the values of 0.133 (10 °C) and 0.016 (80
°C) calculated from our model for the photophysics of aqueous
tryptophan.

Photoionization. The initial products in the photoionization
of aqueous tryptophan are the solvated electron e,,” and the radical

(63) Borresen, H. C. Acta Chem. Scand. 1967, 21, 920-936.

(64) Chen, R. F. Anal. Lett. 1967, I, 35-42.

(65) Tatischeff, I.; Kein, R. Photochem. Photobiol. 1975, 22, 221-229.
(66) Eisinger, J. Photochem. Photobiol. 1969, 9, 247-258.

(67) White, A. Biochem. J. 1959, 71, 217-220.

(68) Moan, J. Isr. J. Chem. 1971, 9, 637-643.
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cation Trp*, which may subsequently deprotonate to yield the
neutral radical.'® Figure 6 shows the temperature dependence
of the calculated photoionization yield, ¢, or ¢y, for aqueous
tryptophan at pH 7 and 11. At 25 °C, the calculated yields are
0.146 (pH 7) and 0.392 (pH 11). Since the initial work of
Grossweiner and Joschek, ' there has been considerable controversy
over the absolute photoionization yield.

Using the conventional microsecond flash photolysis technique
with broad-band excitation (A > 210 nm), Grossweiner and Usui®®
obtained ¢, - = 0.06 for aqueous tryptophan at pH 7, and 0.09
at pH 11.8." Pailthorpe et al.?® used the same technique but
confined the excitation flash to A >270 nm and obtained Bep =
0.008 at pH 10-12. Using a steady-state photolysis technique
based on the oxidation of Fe?*, Steen!® found that the pho-
toionization yield of aqueous tryptophan at pH 1-3 was constant
for excitation within the first absorption band 260-290 nm (¢, -
= (0.015), but increased dramatically for excitation below 240 nm.
The fluorescence quantum yield shows a similar decrease for
excitation below 240 nm,!>% whereas the fluorescence lifetime
is independent of excitation wavelength in the range 220-320 nm.”
On the other hand, Amouyal et al.? oserved a threshold in the
excitation wavelength dependence of the photoionization yield of
neutral aqueous tryptophan. They used steady-state photolysis,
in the presence of N,0O, to scavenge the hydrated electron, and
found that ionization was absent for excitation at A >275 nm, but
increased rapidly with decreasing excitation wavelength.?

Recent laser flash photolysis studies with nanosecond time
resolution have produced much higher electron yields. Bent and
Hayon'# obtained electron yields of 0.08 (pH 7) and 0.21 (pH
11) at 25 °C; log-log plots of electron yield against flash intensity
gave slopes of 1.2-1.5, which were interpreted as indicating a
predominantly monophotonic process. Bryant et al.!> made the
important observation that the electron and radical coproduct
decay by a rapid back-reaction, leading to residual yields after
several microseconds that are significantly smaller than the initial
photoionization yield. This could explain the low yields deduced
from steady-state!®171%23 and conventional flash photolysis ex-
periments.? Unfortunately, the high intensities used in the laser
flash photolysis work introduces the possibility of a consecutive
biphotonic electron ejection mechanism,?"! in which the excited
singlet state absorbs the second photon. High intensities can also
lead to “saturation” and, in the case of a biphotonic process, the
yield-intensity dependence is complex; the dependence is quadratic
at low intensity, linear at intermediate intensities, and saturates
at higher intensities.?! In the flash photolysis of aqueous tryp-
tophan, Lachish et al.?! obtained a slope of 1.4 from a log-log
plot of electron yield against excitation intensity, which they
considered to indicate a predominantly biphotonic ionization
mechanism. Recently, Baugher and Grossweiner'® obtained a
strictly linear yield-intensity relationship for aqueous tryptophan
at pH 7 with an electron yield ¢, = 0.10 + 0.01 and a slightly
higher radical yield ¢+ = 0.12 £ 0.01. However, at pH 10.9
the e, yield had a nonlinear intensity dependence, indicating a
significant biphotonic contribution.'® In any case, the electron
and radical yields should be identical. Yet Baugher and Gros-
sweiner'® found that ¢r,,+ was slightly greater than ¢, - over the
entire pH range. The Trp* yield can also be estimatéa from the
data of Bent and Hayon:!* using eq 9 with er,,+ (580 nm) = 2.9
X 10° L mol™ cm™ ! gives ¢qgp+ = 0.12 at pH 7 and 0.32 at pH
10-12, in agreement with the results of Bauger and Grossweiner.'®
The difference between @, - and ér+ may indicate another

(69) Grossweiner, L. 1.; Usui, Y. Photochem. Photobiol. 1971, 13,
195-214.

(70) Alpert, B.; Jameson, D. M.; Lopez-Delgado, R.; Schooley, R. Pho-
tochem. Photobiol, 1979, 30, 479-481. These authors find single exponential
decay at all excitation wavelengths, confirming the absence of any 5.4 ns
component. However, they fit only the portion of the fluorescence after the
excitation pulse has completely decayed (about 4 ns after the maximum of
the fluorescence of their Figure 1). This procedure would not reveal the
presence of the short component (0.43 ns) in the tryptophan fluorescence decay
obtained in this work and that of Rayner and Szabo.?

(71) Grabner, G.; Kohler, G.; Zechner, J.; Getoff, N. Photochem. Photo-
biol. 1977, 26, 449-458.
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Table IV, Calculated Quantum Yields at 25 °C

3-methyl- tryptophan®
indole pH 11 pH7
o 0.340 0.366 (0.36) 0.137 (0.13,)
o7 0.171 0.242 (0.21) 0.090 (0.10)
¢eaq— 0.489 0.392 (0.32) 0.146 (0.12)
[0} - - 0.627 (0.65)

@ Figures in parentheses are the ‘‘best” experimental estimates;
see text for details.

pathway for the formation of Trp* radicals, or it may indicate
a rapid decay route for the hydrated electron that is complete
within the duration of the laser pulse (~10 ns).

Despite the current uncertainty about the absolute photoion-
ization yield, there is reasonable agreement between the Trp*
yields of 0.12 (pH 7) and 0.32 (pH 11) obtained from the laser
flash photolysis experiments'*'® and the calculated yields of 0.146
and 0.392, respectively.

Intramolecular Quenching. Figure 6B shows the calculated
quantum yield ¢; for the intramolecular quenching of aqueous
tryptophan at pH 7. In the temperature range 10-35 °C ¢, is
almost constant with a maximum yield of 0.627 at 25 °C but
decreases more rapidly above 35 °C owing to competition between
intramolecular quenching and photoionization. There have been
no direct experimental determinations of the intramolecular
quenching yield. However, from the pH dependence of the T,
transient observed by Bent and Hayon,'* we suggested that this
species results from the intramolecular quenching process. This
assertion is confirmed by the temperature dependence of the T,
transient (see Figure 7 in ref 14); the T, yield is constant in the
range 10-35 °C, but drops rapidly at higher temperatures. It was
suggested above that the T, transient corresponds to a triplet state
of the indole cation, similar to (if not identical with) that observed
in very acidic media'# (1-3 M H,SO,). If we assume that this
triplet is generated with unit efficiency at pH <0 where its yield
is constant,'# then the quantum yield for intramolecular quenching
at pH 7 is estimated to be 0.65 at 25 °C. This estimate is in good
agreement with the calculated yield ¢; = 0.627 at 25 °C.

Summary of Yields. The experimental estimates of the quantum
yields for fluorescence, intersystem crossing, photoionization, and
intramolecular quenching for aqueous tryptophan at 25 °C are
summarized in Table IV along with yields calculated from our
model. In general, the agreement between the experimental and
calculated yields is good, considering the difficulty of obtaining
reliable flash photolysis data on a nanosecond time scale and the
approximations involved in extracting absolute yields from these
data.

An important feature of our model is the assumption that the
introduction of the intramolecular quenching process at pH 7 does
not alter the rates of radiation, intersystem crossing, and pho-
toionization from their values at pH 11. A quantity that we can
use to test this assumption, and which obviates the need for ab-
solute quantum yields, is the ratio of the quantum yield for each
process at pH 11 to the corresponding yield at pH 7. This ratio
should be constant at a given temperature. The model predicts
a ratio of 2.7 at 25 °C, compared with the experimental ratios
of 2.7, 2.0, 2.6, and 2.6 for the yields of fluorescence, triplets,
solvated electrons, and Trp* radicals, respectively. The agreement
between the calculated and experimental ratios provides further
support for our model.

D. Nonexponential Decays. For 3-methylindole, the fluores-
cence decays were exponential under all of the conditions studied.
This implies that the nonexponential decay observed for neutral
aqueous tryptophan is not an intrinsic property of the indole
chromophore, but is associated with the presence of the amino
acid side chain. On the other hand, Rayner and Szabo® attributed
the nonexponential fluorescence decay of tryptophan to dual
emission from the 'L, and 'Ly states. However, the absence of
any variation of the decay kinetics (or emission spectrum) of
aqueous tryptophan with excitation wavelength® indicates that the
'L, and 'L, states are in thermal equilibrium. An alternative
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mechanism leading to the nonexponential decay for tryptophan
is discussed below.

Nonexponential fluorescence decays can arise in two distinct
ways. The nonexponentiality can be due to heterogeneity in the
molecular population, with each subset of molecules having a
characteristic exponential decay. A trivial example of this type
of behavior would be the simultaneous excitation and independent
decay of a mixture of two molecules in solution. A second cause
of nonexponentiality is an intrinsic time dependence in one or more
of the nonradiative decay rates. For example, in intermolecular
energy migration by the Forster mechanism, the initial energy
transfer rate has a time dependence of the form k() o« £1/2,

In a previous paper’ we also reported a nonexponential
fluorescence decay for tryptophan in neutral aqueous solution,
which was interpreted in terms of two solvent-trapped conformers.
It was proposed that in one conformation the carboxyl group was
in close contact with the indole ring and intramolecular quenching
was efficient, while in the other, the carboxyl group was more
remote and quenching less efficient.’ The heterogeneity associated
with multiple molecular conformations has also been proposed
to explain the nonexponential decays observed for a number of
proteins and polypeptides.®” However, for a small molecule like
tryptophan it is difficult to see how these two stable conformations
would come about.

An alternative, albeit related, way of interpreting these
nonexponential decays is suggested by the results of the present
work. It was shown that the apparent activation energy for
intramolecular quenching of tryptophan fluorescence is charac-
teristic of a diffusion-controlled reaction. Therefore, it was
suggested that intramolecular quenching can occur only subsequent
to diffusion of the amino acid side chain into the correct con-
formation for the proton-transfer step. The kinetics of translational
diffusion-controlled (intermolecular) reactions have been exten-
sively studied, both theoretically and experimentally. A solution
of Fick’s second law for this system, including the transient terms,
gives a time-dependent quenching rate,’

k(r) = 4=R'D[Q](1 + R’/A/«D1) (10)

Here, D is the mutual diffusion coefficient for the reactive particles,
R’is related to the encounter distance, and [Q] is the concentration
of quencher. Taking D ~ 5 X 10 cm?s!and R” ~ 3 A as
reasonable guesses for quenching of tryptophan by the attached
NH,* group, a calculation based on eq 10 predicts that the
quenching rate will fall to within 10% of the steady-state value
in ~600 ps. Although this equation is not strictly applicable to
intramolecular reactions, it does suggest that diffusion-controlled
intramolecular quenching may have an intrinsic time dependence
of the correct order of magnitude to explain the nonexponential
decays observed experimentally.

The fluorescence decay profile represents the sum of all the
competing decay processes; however, at pH 7 this decay is dom-
inated by the intramolecular quenching process, and it is the
transient behavior of this process, we suggest, that determines the
form of the fluorescence decay curve and produces the observed
nonexponentiality. A suggested mechanism for intramolecular
quenching by proton transfer is given in Scheme I. The nonex-
ponential decay thus reflects the dynamic nature of the system.
The nonexponential decays observed for proteins containing a
single tryptophan may therefore contain information about the
fluctuations in protein structure which are important, for example,
for an understanding of enzyme function.”
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Chemical Properties of the Fulvene Radical Cation: A
Cycloaddition with 1,3-Butadiene
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Abstract: The chemical reactivity of the fulvene radical cation has been measured and compared with those of the benzene
and various acyclic isomeric radical cations. This was accomplished by studying their reactivities in ion-molecule reactions
observed using ion cyclotron resonance spectrometry (ICR). The fulvene radical cation exhibits considerably different properties
from the other [C¢Hq]*- isomers, and this is interpreted in terms of a unique structure for ionized fulvene which is not subject
to ring opening or isomerization to benzene. One of the reactions of the fulvene cation, that with 1,3-butadiene, was examined
in detail using dueterium and C-13 labeling. The intermediate complex has been assigned as a cycloadduct formed by an

ionic analogue of a [6 + 4] cycloaddition.

In this paper, we report a study of the chemistry of ionized
fulvene in order to compare its chemical properties with other
[CsHg]*- isomers. The structures of stable and decomposing C¢H
radical cations have been the subject of numerous experimental
and theoretical studies.!” Even with this large volume of ex-
perimental data, a clear and consistent understanding of the
structure(s) and chemical properties of various C¢Hj ions is only
now beginning to emerge. Our present understanding of this
important gas-phase ion has evolved because of the utilization of
a large number of experimental methods including high-pressure
mass spectrometry,’ ion cyclotron resonance (ICR),?* defocused
metastable methods,’ collision-induced dissociation (CID),S isotopic
labeling” (both 2H and '*C), photoion—photoelectron coincidence

(1) “Stable” ions refer to those of insufficient energy to decompose within
a few milliseconds; “decomposing” ions have been activated to decompose at
times less than a few milliseconds.

(2) For leading references, see: (a) Gross, M. L.; Russell, D. H.; Aerni,
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Am. Chem. Soc. 1967, 89, 6035. (d) Virin, L. L; Safin, Y. A,; Dzhagat-
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Zocchi, F, Trans. Faraday Soc. 1968, 64, 2342, (f) Wexler, S.; Clow, R. P.
J. Am. Chem. Soc. 1968, 90, 3940. (g) Field, F. H.; Hamlet, P.; Libby, W.
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spectroscopy (PIPECO),? emission spectroscopy,’ and ioniza-
tion/appearance energy measurements.'®

Our work is directed at the question of whether structure is
preserved upon ionization of organic molecules, and we have
chosen C¢H, isomers as one model system for investigating this
point. The answer to this question depends on the barrier heights
for isomerization on various potential energy surfaces. Our ex-
perimental approach is to investigate the chemical properties of
[C¢Hgl* as a function of neutral precursor structure. Of the
various techniques mentioned above, high-pressure mass spec-
trometry, CID, and ICR are appropriate for the required studies
of stable or nondissociating ions. We have chosen to study
chemical reactivity in near-thermal ion-molecule reactions using
ICR.

For highly activated dissociating ions, the possibility exists for
isomerization and/or rearrangement reactions because activation
energies for these processes can be lower than for fragmentation
channels. Competitive or dominant isomerization is particularly
important for systems which have high activation energies for
dissociation. The molecular ion of benzene is a good example
because the lowest energy fragmentation barrier is nearly 5 eV.
Moreover, the ground-state heats of formation for the acyclic and
cyclic C¢Hg cation isomers are below the threshold for benzene
decomposition. Thus, it is possible for a variety of C¢H, radical
cations to interconvert at energies below the dissociation threshold.

However, we have found that the ion-molecule reaction
chemistry of C¢Hg radical cations which have insufficient energy
to dissociate is consistent with unique structures for ionized
benzene and acyclic isomers.? Specifically, C4H, ions from
benzene react with 2-propy! iodide to form CgH,3*, whereas acyclic
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